T CELL IMMUNITY

Stable inhibitory activity of regulatory T cells requires the transcription factor Helios
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The maintenance of immune homeostasis requires regulatory T cells (T regs ). Given their intrinsic self-reactivity, T regs must stably maintain a suppressive phenotype to avoid autoimmunity. We report that impaired expression of the transcription factor (TF) Helios by FoxP3 + CD4 and Qa-1-restricted CD8 T regs results in defective regulatory activity and autoimmunity in mice. Helios-deficient T regs develop an unstable phenotype during inflammatory responses characterized by reduced FoxP3 expression and increased effector cytokine expression secondary to diminished activation of the STAT5 pathway. CD8 T regs also require Helios-dependent STAT5 activation for survival and to prevent terminal T cell differentiation. The definition of Helios as a key transcription factor that stabilizes T regs in the face of inflammatory responses provides a genetic explanation for a core property of T regs . R egulatory T cells (CD4 and CD8 T regs ) dampen excessive immune responses and prevent or ameliorate autoimmune tissue damage, whereas immune suppression exerted by T regs can impede anti-tumor immune responses. In contrast to effector T cells (T eff ), which rely on robust activation and differentiative plasticity, T regs depend on the preservation of a stable, anergic, and suppressive phenotype to maintain immune homeostasis (1, 2) . Although FoxP3 + CD4 T regs are remarkably stable (1, 2) , the genetic mechanisms that ensure phenotypic stability after expansion during inflammation, infection, or autoimmunity (i.e., conditions that most require maintenance of an anergic and inhibitory T regs phenotype) are poorly understood.
The Helios (Ikzf2) transcription factor (TF) is expressed by two T reg lineages: FoxP3 + CD4
+ and Ly49 + CD8 + T regs ( fig. S1 ) (3) (4) (5) (6) . To determine the contribution of Helios to the regulatory phenotype, we analyzed mice deficient in Izkf2 (Helios -/-), the gene that encodes Helios (5 (Fig. 1D ) and immunoglobulin G (IgG) deposition in the kidney (Fig. 1E) S14D ). These data indicate that Helios-dependent suppressive activity exerted by both CD4 and CD8 T regs is required to maintain self-tolerance.
These findings suggested that Helios may control common genetic pathway(s) in CD4 and CD8 T regs . To address this issue, we defined the genomewide distribution of Helios binding sites in these cells by chromatin immunoprecipitation followed by DNA sequencing (ChIP-Seq) (7) . The chromatin state of Helios-bound regions was determined according to acetylation of histone H3 at Lys 27 (H3K27ac) for active regulatory regions and trimethylation of histone H3 at Lys 27 for polycombrepressed regions (H3K27me3) (8) .
This analysis revealed that Helios bound mainly to promoter regions of (~85%) target genes in both CD4 and CD8 T regs (Fig. 3A) ; 1602 and 828 genes, respectively, with 649 shared target genes (Fig. 3B) . Analysis of DNA regions bound by Helios showed significant enrichment of NRF1, Sp1/Sp4, and IKAROS binding motifs (Fig. 3C) , as well as genes that regulate cell cycle progression and apoptosis/cell survival (table S1A), including STAT5b, Jak2, NFAT5, and Birc2, and autophagy genes, whose loci showed activated chromatin marks, as evidenced by expression of H3K27ac ( Fig. 3D and table S1B ). Pathway analysis of Helios target genes in CD4 and CD8 T regs revealed STAT5b/ interleukin-2 receptor a (IL-2Ra) as a central node within a Helios target gene network, suggesting that Helios might regulate genes involved in IL-2 signaling and sustained survival (Fig. 3E) .
The IL-2Ra-STAT5 pathway is essential for CD4 T reg survival, whereas the maintenance of FoxP3 expression reflects binding of activated STAT5 to the Foxp3 promoter and CNS2 regions (9) . Identification of the IL-2Ra-STAT5 pathway as a SCIENCE sciencemag.org 16 major Helios gene network opened the possibility that Helios contributed to T reg survival and/or FoxP3 stability through increased STAT5 activation and enhanced IL-2 responsiveness (10, 11).
We noted reduced survival of Helios -/-CD4 T regs after transfer into lymphopenic hosts (Fig. 4A , left and middle), which is consistent with an essential contribution of the IL-2Ra-STAT5 signaling pathway to T reg viability. Moreover, Heliosdeficient CD4 T regs displayed reduced coexpression of FR4 and CD73 (Fig. 4A, right) , markers that indicate anergy by self-reactive CD4 cells (12) . Indeed, a significant portion of Helios-deficient CD4 T regs developed into non-anergic cells under inflammatory conditions, including autoimmunity and infection (figs. S12C and S15 (Fig. 4C) . Enforced expression of constitutively active STAT5 (STAT5-CA) (13) in Helios-deficient CD4 T regs restored FoxP3 expression to levels similar to WT CD4 T regs and prevented the expression of interferon-g, an effector cytokine (Fig. 4D and fig. S16 ).
Decreased FoxP3 expression may result in phenotypic instability, including derepression of T eff programs (10, 11 locus (fig. S20 ). Down-regulation of FoxP3 expression and expression of effector cytokines by Helios-deficient T regs may reflect reduced activation of the IL-2Ra-STAT5 pathway and diminished binding of STAT5b to CNS-2, resulting in T reg conversion into T eff cells ( fig. S21) (10) . The ability of T regs to sense IL-2 may also be particularly critical under inflammatory conditions, where small changes in proliferation rate or apoptosis can exert major changes in the niche-filling response by T regs and T reg insufficiency (20) . Current views that thymic-derived T regs are phenotypically and functionally more stable than induced T regs may reflect, in part, Heliosdependent activation of the T reg IL-2Ra-STAT5 pathway described here. Recently developed surrogate surface markers may allow the isolation of stable Helios + CD4 T regs for the treatment of autoimmune disease or after organ transplantation (21, 22) .
Helios-dependent maintenance of CD8 T reg integrity also includes the inhibition of terminal differentiation and maintenance of suppressive/ cytolytic activity by activating the STAT5 signaling pathway (fig. S21) T reg →T eff conversion may be confined to inflammatory intratumoral microenvironments, antibody-or small-molecule-based approaches that target Helios may lead to improved T reg -dependent cancer immunotherapy. The data reported in this manuscript are tabulated in the main paper and in the supplementary materials. Raw data are archived in the Gene Expression Omnibus under accession numbers GSE72997 (ChIP-Seq) and GSE73015 (microarray). These studies were supported in part by research grants NIH R01AI37562 and the LeRoy Schecter Research Foundation to H.C. and the Arthritis National Research Foundation to H.-J.K. A provisional patent (U.S. patent application 62/170,379) has been filed pertaining to biological applications relating to the conversion of regulatory T cells into effector T cells for immunotherapy. T he Piwi-interacting RNA (piRNA) pathway controls transposons through a number of distinct, but likely interlinked, mechanisms. Whereas cytoplasmic Piwi proteins silence their targets posttranscriptionally through piRNA-directed cleavage and the ping-pong cycle, nuclear Piwi-piRNA complexes function at the transcriptional level (1). Piwi-directed repression of transcription is thought to be dependent on piRNA-guided recognition of nascent transposon transcripts (1, 2) . Transcriptional gene silencing (TGS) correlates with the presence of histone H3 lysine 9 trimethylation (H3K9me3) marks (3-7), yet the mechanism through which Piwi binding promotes the deposition of these marks remains enigmatic. With the exception of the zinc finger protein Asterix (also known as DmGTSF1), the components of Piwi effector complexes at target loci are largely unexplored (7-9).
We systematically mined candidate genes from RNA interference (RNAi) screens for potential TGS effector proteins and identified CG9754 in three independently published screens as being critical in both the germ cells and follicle cells for transposon silencing (8, 10, 11) . Loss of CG9754 had essentially no effect on the abundance or content of piRNA populations or on the nuclear localization of Piwi protein ( fig. S1 ), suggesting that it is probably an effector component (11) . CG9754 encodes a~60-kD nuclear protein with no identifiable domains (11) . The expression of CG9754 is restricted to the female gonads, as is seen for other core piRNA pathway components such as Asterix ( fig. S2) .
To examine global effects on transposon expression, we used RNA sequencing (RNA-seq) to measure steady-state RNA levels from ovaries with germline-specific knockdowns of either CG9754 or Piwi (Fig. 1A) (also see supplementary materials and methods). Piwi knockdown caused a sharp rise in transposon transcripts, with minimal effects on protein-coding gene expression (Fig. 1A and fig. S3A ). Knockdown of CG9754 caused effects very similar to those of Piwi (Fig. 1A and fig. S3 ), with most transposon targets being shared (Fig. 1B) . Changes in steadystate RNA levels could have resulted from alterations in either element transcription or the stability of transposon mRNAs. We used global run-on sequencing (GRO-seq) to measure nascent RNA synthesis following gene knockdown (Fig. 1C and fig. S4 ). Loss of either CG9754 or Piwi produced very similar profiles (Fig. 1D) , suggesting that CG9754 is specifically required for transcriptional silencing of transposons targeted by Piwi.
Piwi-mediated TGS correlates with the presence of H3K9me3 marks at silenced transposons (1) (2) (3) (4) (5) (6) . Depletion of either CG9754 or Piwi resulted in nearly identical losses of H3K9me3 over transposons (Fig. 2, A and B, and fig. S6A ). Four independent frameshift mutations of CG9754 generated via the CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/ CRISPR-associated protein 9) system were isolated ( fig. S5A) (12) . We observed a consistent global up-regulation of transposable elements ( fig. S5 , B to E) and the corresponding loss of H3K9me3 marks in CG9754 mutant ovaries without changes in piRNA levels (figs. S1 and S6B). Similarly to other core piRNA pathway mutants, female flies lacking CG9754 were sterile. Moreover, flies double-mutant for CG9754 and Asterix showed transposon derepression comparable to that of flies with either single mutation, suggesting that both genes act in the same pathway ( fig. S7 ). Thus, CG9754 functions along with Piwi and Asterix in the repression of transposon transcription.
Next, we asked whether the presence of CG9754 at a target locus might be sufficient to induce its silencing. Because piRNAs likely direct binding to nascent RNAs rather than to the DNA of their targets (13), we delivered CG9754 via protein-RNA interactions. We constructed a series of luciferase reporters with BoxB sites in their 3′ untranslated regions (UTRs) and used them to create transgenic reporter flies ( fig.  S8A ). BoxB sites are bound by the lN protein, which can also bring other components to the RNA as part of a fusion (14) . We also generated flies expressing lN proteins fused to CG9754, Asterix, nuclear Piwi, and, as a negative control, a cytoplasmic Piwi missing its nuclear localization signal (dN-Piwi). When coexpressed with the reporter, the dN-Piwi fusion failed to induce any change in luciferase expression (Fig. 2C and  fig. S12 ). Of the remainder, only the CG9754 fusion considerably reduced luciferase activity (Fig.  2, C and D) . Silencing appeared to be dosagedependent, as the degree of repression correlated with the number of BoxB binding sites inserted into the reporter mRNA ( fig. S9 ). Consistent with a role for CG9754 in transcriptional silencing, the abundance of the reporter mRNAs was significantly reduced upon tethering (Fig. 2D) .
Although CG9754-triggered repression appeared to be independent of chromatin context (Fig. 2,  C and D) , integration of the reporter into genomic DNA appeared to be critical for repression. Transient cotransfection of reporter constructs into the OSS cell line, which contains an active piRNA
